The technique of deep level photothermal spectroscopy ͑DLPTS͒ is extended to the low temperature region in order to cover several defect states in semi-insulating GaAs. Measurements are taken at three different modes, temperature-scanned, pulse-rate-scanned, and time-scanned DLPTS. It is demonstrated that each mode provides unique information about the defect configuration, and the combination of the different modes offers a powerful tool for DLPTS studies of physical optoelectronic processes in SI-GaAs. The nonexponentiality/broadening of experimental data is extensively studied using the two prevalent broadening theories: the stretched exponential and the Gaussian distribution of activation energies. A hierarchical carrier emission model has been proposed for the stretched exponential behavior. Simulations indicate that the two broadening theories exhibit roughly similar broadening effects and good fits to the experimental data. The origin of this similarity indicates an ergodic equivalence of random energy distribution and the constrained hierarchical emission process.
I. INTRODUCTION
Deep level transient spectroscopy ͑DLTS͒, first introduced by Lang, 1 is a powerful tool for detection and characterization of deep-level generating defects in semiconductors. Several variations in the original capacitance transient method have been developed to make the measurement technique appropriate for specific material types and device structures. The principle of all these techniques is based on the rate-window resonance effect of temperature-dependent rates of defect state capture and emission processes. The systems under study have often been assumed to have a sharp, well-defined energy level, represented by a Dirac delta function, which leads to a single exponential decay in the ideal DLTS transient. This assumption, however, is not true for real semiconductor systems. In recent years, considerable amounts of work have been reported on the nonexponential behavior of DLTS transients. [2] [3] [4] [5] The nonexponentiality is also observed in the temperature scans as a broadened spectrum. 6, 7 Three models have been mainly proposed for the fitting of nonexponential data. These are the multiexponential model, 2, 3 the William-Watts model, 4, 5 and the distribution of defect parameters. 6, 7 Although all these models have been successfully used for the fitting of experimental data, they are based on different physical assumptions and are usually studied independently without comparative evaluation. Since defect parameter identification and extraction depends on the type of measurement and model used to identify the defect, a study involving several complementary methods such as the one presented in this paper is important for enhancing the reliability of defect identification for the understanding of the physical phenomena in their own right as well as for the potential industrial applications of the new deep level photothermal spectroscopy ͑DLPTS͒ to SI-GaAs wafer characterization and optoelectronic quality control.
In earlier papers, we introduced an all optical DLPTS, 8, 9 which utilizes a subbandgap laser to monitor the concentration of free carriers and the density of occupied states resulting from photoexcitation by a modulated coincident superbandgap laser beam. The technique was applied to semiinsulating ͑SI͒-GaAs and a well-defined peak, associated with the EL3 level was observed in the above room temperature photothermal spectrum. The spectrum was then fitted by both simplified 8 and more comprehensive 9 theories. Although the comprehensive theory induced some broadening due to the consideration of carrier capturing processes, the experimental spectrum was still broader than the theoretical fits. In this paper, the DLPTS measurement is extended to low temperatures and experiments are performed in temperature, pulse-rate, and time domain. Theoretical models are presented for various modes of the DLPTS measurement, thus yielding a uniquely comprehensive study on the effects and possible physical origins of spectrum broadening theories.
II. OVERVIEW OF PHOTOTHERMAL SPECTRUM BROADENING THEORIES
The broadening of DLTS spectra is a common feature observed on various types of samples including semiconductor alloys, 6, 10 plastically deformed silicon single crystals, 11, 12 compound semiconductors, 7, 13 and thin film layers. 14, 15 A possible origin of this broadening is the distribution of defect parameters, such as activation energy and capture cross section. Mainly two models have been proposed for this distribution: 6, 7 ͑i͒ the presence of compositional fluctuations due to the random distribution of specific atoms and ͑ii͒ the fluctuating random Coulomb potential of the ionized shallow impurities. Due to the random nature of these phenomena, the distribution function is usually assumed to be Gaussian based on the central-limit theory. 6, 7 Considerable amount of work has been done on DLTS systems with a Gaussian distributed activation energy and it has been suggested that defect parameters obtained from the conventional Arrhenius plots are also valid for weakly disordered systems. 6 Other distribution functions have also been proposed in efforts to understand the actual physical origins of the energy spread. Teate and Halder 16 suggested a double exponential distribution in order to reflect disorder-induced band-tailing effects in shallow impurities. However, other studies suggested that this effect could better be interpreted as a correction factor on Gaussian distributions. 17 Batovski and Hardalov 18 pointed out that the distribution function could be more complicated and asymmetric in considering the spin degeneracy and lattice relaxation during the carrier capture and emission processes. They suggested an inverse theory to transform the thermal spectrum directly into a defect energy distribution spectrum. However, the transformation theory is ill-posed in nature and is not applicable for spectra with multiple levels. For these reasons, although the Gaussian distribution is based on an ideal configuration and its physical underpinnings are unclear, it is still the most widely used distribution function on broadening studies.
In the time domain, broadening is presented as a nonexponential transient. A convenient way of characterizing nonexponentiality is to write it in the form of a stretched exponential
where ␤ is the stretching factor, I͑t͒ is the signal representing the transient, and e n is the thermal emission rate of trapped carriers. For transients to yield a broadened spectrum, ␤ should be less than one. This form of transient, also known as William-Watts decay, 19 has been invoked in many physical systems including dielectric materials, 20 polymers, 21 as well as semiconductors. 5, 22, 23 Giri and Mohapatra 5 studied the nonexponentiality in SIGaAs using an isothermal time-analyzed spectroscopy technique and found ␤ to be smaller at lower temperatures. However, due to the limited number of sampling temperatures, they did not derive a direct relation between ␤ and temperature. Yonekura et al. 22 studied the stretched exponential in the Laplace domain in an attempt to find its correlation with Gaussian distributions. Their study is based on the fact that the inverse Laplace transform of a stretched exponential function is the stable distribution p͑e n , ␤ ,−␤͒, 24 where
͑2͒
For small ␤, the stable distribution can be approximated by a log-normal distribution. By comparing that distribution with the inverse Laplace transform of a Gaussian distribution in the activation energy, they found ␤ = kT / ␦E, where ␦E is the standard deviation of the activation energy with a Gaussian distribution. However, this result is based on the assumption that ␤ is very small ͑␤ Ͻ 0.1͒, while most studies reported 0.4Ͻ ␤ Ͻ 0.9.
5,23
Several physical models have been suggested to explain the stretched exponential behavior. Kim and Epstein 25 studied the depth dependence of a photogenerated defect population and expressed the final population as an integral over the optical penetration depth. They numerically solved the problem and proved that the simulated transient can be approximated by a stretched exponential. This model, however, cannot explain the temperature dependence of ␤.
Benatar et al. 23 proposed a parallel relaxation theory for the nonexponential behavior. In that theory, they also suggested a distribution of activation energies due to the local fluctuation around the defect site. Carriers with different activation energies were assumed to eject independently and the overall time constant was expressed as an integral over all emission rates with the distribution function as a weighting factor. The stretched exponential decay could be obtained by a suitable choice of the distribution/weighting function. This theory, however, neglects possible changes in activation energies during the emission/capture process ͑a constrained activation process͒. This activation energy variation, known as the Frank-Condon shift, is a result of changes in defect bonding energies caused by trap occupancy variation. 26 The energy shifts, which are usually small, could be significant for systems with highly fluctuating random potential energies 26 or large lattice relaxation. 27 Contrary to parallel relaxation, Palmer et al. 28 proposed a hierarchical relaxation theory, which represents the hierarchy of constraints in systems. In this theory, degrees of freedom ͑DOFs͒ relax in series rather than in parallel; the slower DOFs are constrained by fast DOFs and are only activated when faster DOFs evolve in the right way. The dynamic model was evaluated with the saddle-point method and a stretched exponential relaxation was obtained with
where 0 is a spin number defined in the model. Palmer et al. 28 also pointed out that the constrained system had a maximum time scale max and the stretched exponential is only observable at t Ͻ max . As time increases, the system will become more ergodic and will end up with a pure exponential decay relaxation when t ӷ max .
Despite the differences in physical origins, both Gaussian distribution theory and stretched exponential theory have been widely used in defect characterizations. Due to its direct relation to activation energies, the Gaussian distribution theory is mainly used on studying defect energy broadening. This energy distribution can be used to identify physical properties of the material, such as the concentration of metals in semiconductor alloys or the degree of disorder in a system. 6, 10 On the other hand, ␤ broadening is mainly used in time domain analyses. Due to its simple expression, it can be easily integrated into existing theories and studied analytically. For example, in time analyzed transient spectroscopy measurements, 5 the relation between the spectrum peak time and the thermal emission rate can be easily derived as in conventional temperature-scanned DLTS.
1,5 These calcula-tions are usually more complicated or totally impossible in the Gaussian distribution theory. In terms of numerical simulations, our own results also indicate calculations with the Gaussian distribution theory take much longer than those with the stretched exponential theory. Due to the temperature dependence of ␤, applications of the stretched exponential theory are usually limited to isothermal conditions. 5 As already mentioned, so far no physical ␤͑T͒ expression has been derived for semiconductor systems. In this paper, we propose such an expression for the temperature dependent ␤ based on hierarchical dynamics and relevant to trapped carrier emission and/or capture processes in SI-GaAs. Its relation to a Gaussian distribution is verified using a wide range of DLPTS temperatures, frequencies, and transients accompanied by comparisons of experimental data to the theory.
III. PHYSICAL ORIGINS OF THE STRETCHED EXPONENTIAL IN SEMICONDUCTOR TRAP STATES
The thermal emission rate of carriers from a trap state at equilibrium can be written as a function of activation energy and temperature,
where ͑T͒ = ␥ n n T 2 . ␥ n is a material constant and n is the capture cross section.
If the activation energy E changes during the emission/ capture process due to electron-to-electron interactions, it is reasonable to assume E depends on the density of occupied states with a time-dependent energy.
Here the Ϯ sign means the activation energy may either increase or decrease. Even though the equilibrium condition itself becomes the asymptotic limit of a time-dependent carrier emission process, as long as t ӷ e , where e is the time to achieve equilibrium following an energetic adjustment of a trap energy state, a quasiequilibrium formalism would yield Eq. ͑4͒ with e n = e n ͑T , t͒ and E = E͑t͒. By further writing ⌬E͓n T ͑t͔͒ = ⌬E 0 f͓n T ͑t͔͒, where f is a function to be determined, we obtain
ͪ. ͑6͒
Here e n0 ͑T͒ = ͑T͒exp͑−E 0 / k B T͒ is the "ideal" thermal emission rate with a fixed activation energy E 0 .
On the other hand, in order to obtain a stretched exponential decay, we require e n ͓T,n T ͑t͔͒t = ͓e n0 ͑T͒t͔ ␤ .
͑7͒
By rearranging the terms on both sides we have e n ͓T,n T ͑t͔͒ = e n0 ͑T͓͒e n0 ͑T͒t͔ ␤−1 . ͑8͒
Since n T ͑t͒ = n T0 exp͕−͓e n0 ͑T͒t͔ ␤ ͖, Eq. ͑8͒ can be written as
By comparing Eq. ͑9͒ with Eq. ͑6͒, we deduce an expression for ␤,
.
͑10͒
In order for ␤ to be time-independent, the simplest functional form is obtained if we assume f͓n T ͑t͔͒ =ln͕ln͓n T0 / n T ͑t͔͖͒, whence it follows that ␤͑T͒ =1/ ͓1 + ͑Ϯ⌬E 0 / k B T͔͒. Finally, for a broadened spectrum, ␤ should be smaller than one. Therefore, it is shown that
This ␤, which is of a similar form as Eq. ͑3͒ derived from a more general hierarchical model of constrained relaxation in strongly interacting dynamic ensembles, 28 also decreases as the temperature decreases in agreement with previous observations. 5 It should be noticed that ⌬E 0 here reflects the variation in activation energy during the thermal emission/ capture process and may not be equal to the standard deviation ␦E in the Gaussian distribution. In turn, ⌬E 0 / k B T represents the number of electronic DOFs ͑measured in units of the carrier thermal quantum k B T͒ available to each trapped carrier during the activation process of the trap. The equivalent quantity in other hierarchical quantum systems, like strongly interacting glassy materials, 30, 31 is the number of spins at a given energy level. The nature of E͑t͒ as emission/ capture processes under way change the activation energy for the remaining emission/capture events is consistent with the more general hierarchical origins of stretched exponentials in kinetic systems. 28 Based on these considerations, ⌬E 0 depends on the local environment of interacting defect states under study and should have a correlation with energy distribution functions. The development of the DLPTS theory in the next section demonstrates that for equivalent energylevel broadening effects between stretched exponential, ⌬E, and Gaussian, ␦E, distributions, ⌬E 0 Ϸ ␦E / 1.5, and helps elucidate the physical implications of this equality. In what follows, we will refer to the hierarchically constrained dynamic ␤ expression in Eq. ͑11͒ as ␤ 2 and to the expression proposed by Giri and Mohapatra 5 as ␤ 1 .
IV. DLPTS SIGNAL GENERATION THEORY INCLUDING BROADENING EFFECTS
A detailed description of the DLPTS signal generation theory is given in an earlier paper. 9 Here, we will cover the basic elements and will integrate broadening into the theory. The DLPTS technique utilizes a sub-bandgap light to monitor the thermal recovery of defect states following a superbandgap laser pulse. Two absorption mechanisms are considered here: free carrier absorption and defect absorption. Free carrier absorption is caused by injection of free carriers to higher conduction band minima states and defect absorption is the result of excitation of trapped carriers ͑electrons͒ to the conduction band. Since the power of probe light used in DLPTS experiments is very low ͑Ͻ1 mW͒, it may be assumed that the absorption does not affect the overall occupancy of trap states. The probe light undergoes multiple internal reflections and scattering owing to the relative transparency of GaAs at the probe wavelength ͑1.5 m͒ and the final signal in back-scattered DLPTS can be expressed as
where ␣ 1 ͑t͒ = fca n͑t͒ + dla n T ͑t͒ is the absorption coefficient of sub-bandgap light, fca and dla are free carrier and defect optical capture cross sections, respectively, d 1 is the penetration depth of the super-bandgap light, d is the sample thickness, R is the reflection coefficient, and S is the scattering coefficient.
Carrier capture and emission processes can be represented by Shockley-Read-Hall rate equations.
where G͑t͒ n op is the optical generation rate, n is the free carrier recombination lifetime, and for a defect level j, C nj is the capture coefficient. N j is the defect or trap concentration. By neglecting the retrapping of carriers and considering the fact that in SI-GaAs the recombination lifetime n is much shorter than the inverse of the carrier emission and capture rates, the rate equations for optical excitation by a laser pulse simplify considerably and have approximate solutions:
For t Յ t p ͑t p is the laser pulse width͒,
n Tj ͑t͒ = n Tj ͑t p ͒exp͓− e nj ͑t − t P ͔͒. ͑18͒
The exponential decay in Eq. ͑18͒ represents the recovery of defect states after the optical pulse and that forms the basis for DLPTS measurements. Based on the broadening theories discussed above, assuming that each defect level has a Gaussian distribution in activation energy, Eqs. ͑17͒ and ͑18͒ can be generalized as
where E g is the bandgap energy and g͑E j , ␦E j ͒ is the Gaussian distribution function with average energy E j and standard deviation ␦E j .
In the stretched exponential case, a straightforward generalization of Eqs. ͑17͒ and ͑18͒ yields
To demonstrate the photothermal spectrum broadening effect induced by ␤ and the energy broadening, Fig. 1 shows simulations of various broadening theories at 4 kHz pulse repetition frequency. In DLPTS the repetition frequency of the photocarrier excitation optical pulse acts like a rate window, which becomes resonant with optoelectronic kinetic processes in a semiconductor under investigation when the repetition rate is tuned to emission or capture rates of photocarriers. The attainment of such resonances results in trap specific temperature peaks on a photothermal spectrum such as that shown in Fig. 1 . Since ␤ is temperature dependent, three activation energies were chosen in order to cover the full temperature range. The simulation is based on semiinsulating GaAs with a single defect level. All three defect levels in Fig. 1 are assumed to have the same parameters except for the activation energy. Parameters used for simulation are listed in Table I .
Figures 1͑a͒ and 1͑b͒ demonstrate broadening effects at low temperatures. In those temperature ranges, all three broadening theories yield similar results, both spectral lineshapes and linewidths. In Fig. 1͑a͒ , the Gaussian distribution gives a gradual decay tail on the high temperature side, which is not seen with ␤ type broadening. This asymmetric distribution is due to the nonlinear dependence of e n on E as shown in Eq. ͑4͒. When the temperature increases, that effect becomes less significant. The linewidth of the ␤ 1 spectrum decreases as the peak shifts to high temperatures with increasing activation energy, and in Fig. 1͑c͒ , it becomes even narrower than the nonbroadened spectrum. This is consistent with our discussion above, since ␤ 1 broadening is derived based on the assumption that it is a small parameter ͑Ͻ1͒. As the temperature increases, ␤ 1 will eventually become larger than one and no longer give a broadened spectrum. Compared to ␤ 1 , the theoretical spectrum with ␤ 2 broadening is more comparable with the Gaussian distribution at all temperature ranges. Discrepancies are mainly shown at low temperatures, where the Gaussian spectrum tends to be broader Fig. 1 ͑Ref. 9͒. than the ␤ 2 spectrum. As a result, for equivalent broadenings at low temperatures, the ratio ␦E / ⌬E should be smaller than 1.5. As will be seen in later sections, this observation is consistent with theoretical fits of photothermal spectra. A slight shift to higher temperatures in peak position for the ␤ 2 amplitude spectrum is also apparent. This is due to the asymmetric distribution of ␤ 2 around the peak in the temperature scan. For the spectrum with Gaussian distribution, the peak position remains fixed. This ␤ 2 -induced displacement could affect trap identification, since, on an Arrhenius plot, a shift to higher temperature means an overestimation of activation energy. It also means that, without due consideration of broadening effects, activation energies measured heretofore from Arrhenius plots may be inaccurate. Figure 2 shows changes in amplitude peak position under ␤ 2 broadening for various ⌬E. Large shifts are only observed at ⌬E Ն 0.1 eV. Experimentally it was found that most of the identified energy levels have ⌬E Ͻ 0.05 eV, which implies the activation energy derived from the Arrhenius plot is accurate for weakly stretched photothermal spectra. However, for large spreads in trap energies, a correction factor needs to be added to the Arrhenius plot based on broadening in order to obtain accurate mean activation energies.
V. EXPERIMENTAL SYSTEM FOR DLPTS
The schematic of the DLPTS experiment is shown in Fig. 3 . The sample is placed on a Linkam LTS350 cryogenic stage, which allows maintaining constant temperature in the Ϫ196 to +350°C range, or can provide temperature ramping. The excitation source is a periodic time-gated superbandgap laser pulse ͑ = 830 nm͒ emitting 20 mW ͑peak power͒ with a beam diameter of about 0.1 mm. The pulse parameters are controlled by a pulse generator, with the pulse width fixed at 1% of the repetition period. Due to the high absorption coefficient of the superbandgap beam ͑␣ ϳ 10 4 cm −1 ͒, the pump laser penetrates only a few micrometers into the sample. The probe beam is from a coincident sub-bandgap unmodulated laser ͑ = 1550 nm͒ emitting 1 mW with approximately 0.15 mm diameter spot size. Samples used in this work are one-side-polished vertical gradient freeze grown SI-GaAs wafers with a resistivity of 7.2-7.7ϫ 10 7 ⍀ cm, etch pit density Ͻ4000 cm −2 , and EL2 concentration around 10 16 cm −3 , as provided by the vendor. The probe laser penetrates the entire thickness of the SIGaAs wafer, it is partly absorbed and scattered by the naturally rough ͑matte͒ back surface of the sample. The scattered light is collected by two collimating off-axis paraboloidal mirrors and focused onto an InGaAs photodetector with a 1550 nm narrowband filter. For temperature-and pulse-ratescanned DLPTS ͑switch a, Fig. 3͒ , the signal is fed into an AMETEK 5210 lock-in amplifier, which functions as a rate window, while for time-scanned DLPTS ͑switch b, Fig. 3͒ , the raw signal is collected through a National Instruments PCI-6281 data acquisition card installed in the computer. The results are displayed simultaneously in the computer as a function of temperature, pulse-rate, and time, respectively.
VI. EXPERIMENTAL RESULTS AND DISCUSSION
A. Photothermal temperature spectra Figure 4͑a͒ shows the DLPTS temperature-scanned spectra at various pulse repetition frequencies. For a clear view of the data, spectra contains only the cooling cycle. In the following simulations, both the cooling and heating cycles of experimental data are shown. There are two major peaks ͑see arrows͒ in the amplitude photothermal spectrum. The peak height decreases as the frequency increases. This is caused by the decrease in pulse width, which reduces the number of injected carriers. However, the peak resolution increases with increasing frequency. The phase spectrum shows inverted peaks ͑see arrows͒ in both low and high temperature regions. The peaks also shift to higher temperatures as the frequency increases. However, unlike the DLPTS amplitude, the peak-to-trough phase shift does not change much as the frequency increases. This behavior is consistent with the carrier density-wave phase independence from the carrier flux ͑the latter is proportional to the laser intensity͒. 32 It should also be noticed that there is a huge increase in the amplitude spectrum at temperatures lower than −160°C. The origin of the increase is not the onset of another defect peak. Considering the temperature dependence of bandgap energy in GaAs. nal generation theory must be modified. The absorption coefficient under this condition can be expressed by Urbach's rule, which represents an exponential decay as a function of bandgap energy as shown in Eq. ͑24͒.
ͬ .
͑24͒
Here E op is the energy of photon, and ␣ 0 are material constants. In terms of optical penetration depth ͑d =1/ ␣͒, which amounts to an exponential increase as the temperature decreases. Based on that, there are two possible explanations for the sharp increase at low temperatures: ͑a͒ the 830 nm laser penetrates deeper into the sample, thus enhancing the DLPTS signal modulation depth by considerably increasing the absorptance ␣ 1 ͑t͒d 1 , as expressed in Eq. ͑12͒; or ͑b͒ the 830 nm laser excites carriers directly to shallow defect traps instead of the conduction band, which enables a higher trap population modulation. Since the low temperature peak is more likely to be an exponential increase as represented by Urbach's rule, we believe the former mechanism is more appropriate for this phenomenon. Using Eqs. ͑12͒-͑24͒, Fig.  5 shows the simulated DLPTS amplitude spectrum at low temperature. As it can be seen, the Urbach theory nicely predicts the low temperature amplitude increase. In order to show details of the high temperature data, our following discussion will be focused on spectra above −160°C.
The thermal emission rate at each peak temperature can be calculated by e n ͑T peak ͒ = 2.869f, 8 where f =1/ T 0 is the pulse repetition frequency. Based on Eq. ͑4͒, the two defect peaks in Fig. 4͑a͒ are identified from the Arrhenius plot shown in Fig. 6 . Using the nonbroadened theory, Eqs. ͑15͒-͑18͒, the simulated DLPTS spectrum with two defect levels is shown in Fig. 7 . The theoretical amplitude spectrum shows two peaks as expected, however, they are much sharper than the experimental peaks and the amplitude between the two is almost zero. Similarly, the theoretical phase spectrum shows little resemblance to the data. Considering that there are many more levels in SI-GaAs besides the two apparent peaks, it is expected that the experimental spectrum reflects the superposition of several defect states. Since the defect states in SI-GaAs have already been well identified by other techniques, 34 ,35 more levels were included into our simulation. In view of the fact that the defect optical cross sections ͑ dla ͒ are not known in SI-GaAs, as a starting point they were assumed to be the same as the value shown in Table I . As can be seen from Eqs. ͑12͒, ͑16͒, and ͑18͒, this assumption only affects the trap concentration identification and can be easily corrected once dla are determined through optical absorption measurements. After adjusting the defect concentrations and capture cross sections for optimal ͑best͒ fits of the theory to the experimental photothermal spectrum, the DLPTS spectra shown in Fig. 8 were obtained. The fitting parameters are summarized in Table II and the defects are identified according to the literature. 34, 35 It should be noticed that parameters for HL3 and EL2 levels are determined from the phase spectra only, which will be discussed in detail later. Compared with the two-level theory, the superposition of more defect levels 9 gives considerably improved fits to the experimental spectrum in both amplitude and phase. However, the theoretical spectrum shows several well-resolved peaks. Although more defect states could be introduced in order to yield a smooth spectrum, doing so results in nonexistent defects in SI-GaAs. Observations here are consistent with our earlier paper, 9 which indicated multiple levels cannot explain the DLPTS spectrum unless broadening mechanisms are considered.
Without introducing more levels, the fits can be significantly improved by use of the broadening theories introduced above. Since it was demonstrated in Sec. IV and Fig.  1 that ␤ 1 type broadening has a limited temperature range, the following discussion will be based on Gaussian ͓Eqs. ͑19͒ and ͑20͔͒ and ␤ 2 ͓Eqs. ͑21͒ and ͑22͔͒ types of broadening only. By independently adjusting ␦E for each level, Fig.   9͑a͒ gives the best fit of the experimental spectra with Gaussian broadening and Tables II and III show the fitting parameters. Defect peaks are broadened and eventually disappear due to superposition with other peaks. The data were also fitted with stretched exponential ␤ 2 broadening. In this fitting, the electrons or hole energy level parameters were kept the same as the Gaussian fitting and ⌬E n = ␦E n / 1.5 was set as the initial value. Since every defect level has its own characteristic peak temperature corresponding to a rate-window resonance at fixed frequency, each ⌬E n can be independently adjusted for best fitting. The results with ␤ 2 broadening are shown in Fig. 9͑b͒ . Table III gives a summary of ⌬E n and ␦E n associated with ␤ 2 and Gaussian broadening, respectively. The two theories give similar peak contribution results and both fit very well at all frequencies.
The similarities between the two broadening configurations offer major physical insight. Ergodic systems are equilibrium statistical ensembles in which time statistics is equivalent to statistics based on energetically random distributions in an appropriate phase space of microstates. The experimental proof of validity of an ergodic hypothesis in the case of trapped carriers in SI-GaAs and other semiconductors is tantamount to a statement that all accessible trap microstates are equally probable over a long period of time. 36 This period can be of the order of the time required to empty ͑emission͒ or fill ͑capture͒ the trap and it is much longer than the interaction time among the member electron or hole population of a trap or defect. The existence of this type of equivalence in the case of semiconductors and SI-GaAs in particular as revealed by temperature-scanned DLPTS, points to a photocarrier ensemble statistical ergodic relationship, and thus renders the Gaussian energy distribution a meaningful statistical mechanical quantity. The nature of the trapped carrier ergodicity needs to be investigated further.
In Table III , the ratio between ␦E and ⌬E is 1.5 for most defect levels. Some discrepancies exist on shallow ͑small activation energy͒ defect levels, where the ratios are significantly smaller than 1.5. Considering semiconductor systems are usually less disordered at low temperatures than at high temperatures, observations here indicate that the statistical relation between ␦E and ⌬E is influenced by the degree of disorder in the system and defines the temperature extent of ergodicity. The obvious ergodic inference of the relation ␦E = const.ϫ⌬E is that the extended electronic carrier microstate distributions within the trap levels for which the relation holds are equivalent to the hierarchical emission/ capture kinetics of the carrier ensemble out of/into the energy distributed levels, respectively. An analogous phenomenon has been observed in the case of luminescence time decay in porous silicon as function of temperature and energetics of localized states. 37 The extended trap theory and its linkage to a stretched exponential Kohlrausch relaxation parameter has been established for carrier relaxation in semiconductor Cd x Se 1−x nanocrystallites. 38 In all these cases the underlying cause of ergodicity is the effect of soft potentials within the trap state, which allows the existence of different interaction spatial scales. 39 This phenomenon can only be quantified with noncontact multimodal techniques such as DLPTS, which allow testing of the ergodic hypothesis through temperature, pulse-rate, and time-scanned measurements involving trapped carrier ensembles in extended states and dynamic/kinetic statistical rates. Defect states identified in Table II are also consistent with independent measurements on the same SI-GaAs wafer. 40 Using the piezoelectric photothermal ͑PPT͒ technique, 41 Ikari and Fukuyama identified defects from HL3 to EL6. However, the defect state characteristic temperatures in the PPT spectrum are much lower than those in the DLPTS spectrum. Within the same temperature range, they did not observe defects shallower than EL6. This variation in the defect characteristic temperature reflects the different probing principles of the two techniques. As pointed by Look, 42 for techniques monitoring the defect occupancy n T ͑t͒, such as in capacitance DLTS, 1 resonance occurs at e n = 2.36f, and for techniques monitoring the free carrier concentration n͑t͒, such as in photoinduced transient spectroscopy ͑PITS͒, 34 resonance occurs at e n = 6.35f. For this reason, the defect peak temperatures in n T ͑t͒-probing techniques are always higher than those of n͑t͒-probing techniques. As will be seen in Sec. VI C, DLPTS monitors both n T ͑t͒ and n͑t͒, with n T ͑t͒ being the major contribution to the signal, therefore the defect resonance temperature is higher than other n͑t͒-probing techniques. This also reflects a practical advantage of DLPTS, as high temperature measurements are usually more accessible than low temperature measurements. Using the same fitting parameters in Tables II and III , Fig. 10 shows experimental and theoretical phase spectra. The latter spectra are neglected in most DLTS based techniques, mainly because the phase spectrum does not exhibit defect peaks like the amplitude spectrum. However, simulations in Fig. 8 demonstrate that each peak in the amplitude spectrum has a correlated reversed peak in the phase spectrum and the phase-peak temperature is always around 25°C lower than the amplitude-peak temperature. This observation indicates that within same temperature ranges the phase spectrum is capable of identifying deeper levels ͑higher activation energy͒ than the amplitude spectrum. In  Fig. 10 , an unexpected decrease at the high temperature end can be seen in the 4 kHz phase spectrum. According to Fig. 8 , this decrease is most likely due to the onset of another phase peak. Simulations on the broadened DLPTS theory indicate the decrease is due to the superposition of the HL3 and EL2 levels. The HL3 level controls the turning point of this decrease and the EL2 level determines the slope of the decrease. The EL2 concentration in Table II is much lower than the value provided by the vendor ͑10 16 cm −3 ͒. As mentioned earlier, defect concentrations in Table II need to be corrected by the actual value of the absorption cross section dla . Since the dla of EL2 level is much smaller than 10 −16 cm 2 at the 1550 nm ͑0.8 eV͒ probe wavelength, 43 the EL2 concentration here is underestimated. According to the EL2 absorption spectrum in Ref. 43 , the corrected EL2 concentration will be at least 3 ϫ 10 15 cm −3 , which is close to the magnitude provided by the vendor.
The fact that the 1.5 m laser has low absorption on EL2 level is the main reason of choosing that wavelength. The EL2 level has been intensively studied during the past few years using optical absorption methods with 1 m wavelength probe. 43 However, due to the high absorption from the EL2 level, other defect states cannot be identified from those absorption spectra. The 1.5 m laser, which represents the onset wavelength of EL2 absorption, 43 limits the absorption from EL2 level and enables proper identification of other shallower defects. Also, since the EL2 level is known to be a source of photoexcited electrons, 41 using a laser with high EL2 absorption will induce significant interband carrier transportations, which will disturb the carrier distribution generated by the 830 nm laser and make theoretical analysis to be more complicated.
For both types of broadening, photothermal phase spectroscopic theory fits the data better at lower frequencies than at higher frequencies. Since a higher pulse repetition frequency at fixed laser power means lower optical excitation energy, observations here indicate the phase spectrum could be more sensitive to optical energy in the DLPTS technique. Similar results are observed in pulse-rate-scanned DLPTS, Sec. VI B, indicating a close relation between photothermal temperature-scanned phase spectrum and pulse-rate scans.
It should be noticed that the best-fit parameters to DLPTS spectra presented here are primarily based on the temperature-scanned spectrum, however data from other DLPTS modalities have been derived and used. The optical generation rate, G op n ͑t͒, used here is determined from the pulse-rate scans, and the relative contribution of n͑t͒ and n T ͑t͒ absorption is determined from the time-domain transients. As a result, Tables I-III reflect the final best fitting parameters and were also used in the pulse-rate and timedomain theoretical fits. A detailed discussion of these parameters is presented in the following sections.
B. Pulse-rate-scan spectra
In addition to the most commonly used temperature-scan modality, we also introduce two other modes of DLPTS FIG. 10 . Experimental ͑including both cooling and heating cycles͒ and theoretical temperature-scanned DLPTS phase spectra at various pulse repetition frequencies. ͑a͒ Theory with Gaussian activation energy broadening. ͑b͒ Theory with stretched exponential ␤ 2 broadening. theory and measurements, namely, pulse-rate and timedomain DLPTS. Pulse-rate-scanned DLPTS is the inverse of temperature-scanned DLPTS. In this case, the pulse repetition frequency is scanned at various temperatures while keeping the laser pulse duty cycle fixed at 1%. A detailed DLTS study of pulse-rate scans was reported by Henry et al. 44 They theoretically presented a three dimensional DLTS spectrum with the x-axis as temperature, y-axis as pulse-rate, and z-axis as signal amplitude. After comparing the pulserate and temperature ranges for specific defects, they found the pulse-rate scan requires a much wider range ͑10 −6 -10 6 Hz͒ in order to cover the full defect-state spectrum of a n-type neutron irradiated silicon.
Similar observations were made in our DLPTS pulserate scan. The pulse-rate spectra in Fig. 11 exhibit a broad peak, which shifts to higher pulse rates as the temperature increases, instead of the two distinct peaks of the photothermal temperature spectra, Figs. 4 and 9. The theoretical fits indicate this peak corresponds to the EL3 level, which is also the above room temperature peak in the photothermal temperature spectrum. The low temperature peak ͑EL11 level͒ of Fig. 9 , however, cannot be seen in this pulse-rate range. The theoretical consistency of the EL3 peak positions between temperature-scanned and pulse-rate-scanned DLPTS spectra enhances the trap energy state diagnostic capability of DLPTS over other single-scan methodologies. This selfconsistency check can only be made by comparing the photothermal pulse-rate scan with the temperature spectrum. In the temperature spectra, the EL3 level resonance peak appears above room temperature in a pulse-rate range of several kilohertz, whereas at the same pulse rate, the EL11 level peak appears at around −140°C. Therefore, in order to observe the EL11 peak in the pulse-rate scan, one should either decrease the sampling temperature to around −140°C, or extend the pulse-rate range to GHz ͑the room-temperature emission rate of EL11 level͒, which is beyond the bandwidth limits of our lock-in amplifier ͑120 kHz͒, and very likely below the noise floor of the photothermal experiment.
Using Eqs. ͑19͒-͑22͒, theoretical pulse-rate-scanned spectra are also shown in Fig. 11 . They were obtained at a fixed temperature from DLPTS signals using the 1% laser pulse duty cycle and scanning the pulse repetition rate f =1/ T 0 . It can be seen that the two broadening theories give similar results in the pulse-rate scans in further agreement with the ergodic considerations of the trapped photocarrier ensemble. The theoretical pulse-rate scan predicts the peak position shift to higher pulse-rates with increasing temperature, as expected. Discrepancies, mainly in the high pulserate regime, are reflected as a narrower theoretical peak than the experimental one. Compared with the temperaturescanned results, these discrepancies could be related to the disagreements between theory and experiment at high pulserates in the temperature phase spectrum. Origins of these discrepancies are likely due to the approximations used in deriving the time domain theory. As mentioned in our earlier paper, 9 the total electronic thermal transport rate is a combination of the thermal emission and capture components. Although the capture components are usually small and can be neglected, their effects could become more significant at higher pulse rates. To overcome this, a harmonic frequencydomain analysis has been developed by Fourier transforming the rate Eqs. ͑19͒-͑22͒ into their frequency domain counterparts. In this case the coupled differential rate equations are converted into algebraic equations, which can be solved ana- FIG. 11 . Experimental and theoretical pulse-rate-scanned DLPTS spectra at various temperatures. ͑a͒ Theory with Gaussian activation energy broadening. ͑b͒ Theory with stretched exponential factor ␤ 2 broadening. lytically without approximations. A detailed discussion of harmonic frequency-domain analysis and fitting to data will be presented elsewhere.
Although pulse-rate-scanned DLPTS has limited applications due to the requirement of wide detection bandwidth, it can be partially improved by using a wide bandwidth lock-in amplifier ͑current lock-in amplifier technologies provide detection up to 200 MHz͒. By judiciously choosing the temperature, pulse-rate-scanned DLPTS may be used for defect-specific analysis, since the influence of other defect states can be filtered out by gating the frequency ͑or pulse repetition rate͒ bandwidth. For the scans shown in Fig. 11 , theoretical simulations indicate that changing the EL5-EL11 parameters has almost no effect on the best-fit process. Pulse-rate-scanned DLPTS also has several other advantages over the temperature-scanned modality. As mentioned earlier, unlike the temperature spectra, the peak position in the pulse-rate spectrum is sensitive to the optical generation rate, G op n ͑t͒, where a higher G op n ͑t͒ shifts the peak to higher frequencies. Although G op n ͑t͒ could in principle be calculated from the laser power, the actual amount of light entering the sample after reflection and scattering is hard to determine. Our fitting of the pulse-rate domain spectrum indicates G op n ͑t͒ takes on only half of the calculated value. This fact helps determine the actual optical power that couples into the sample and also turns pulse-rate DLPTS into a useful tool for power sensitive optoelectronic measurements. In addition, pulse-rate-scanned DLPTS measurements are performed under isothermal conditions, which are very useful for precision analysis of temperature-sensitive defect state kinetics.
C. Time-domain transients
The DLPTS time-domain transients were collected under conditions identical to the temperature-scanned and pulserate-scanned DLPTS by a National Instruments data card and were averaged by a LABVIEW program by over 100 000 times in order to obtain a high signal-to-noise ratio. The advantage of transient DLPTS is that it represents the raw signal as captured by the photodiode detector and provides a direct way of verifying the fitting parameters in Table II . Using Eqs. ͑19͒-͑22͒, Fig. 12 shows experimental and theoretical DLPTS transients at various temperatures. All transients consist of three parts, ͑a͒ a sharp decrease in the signal at the beginning of the pulse, followed by ͑b͒ a rapid recovery of the signal at the end of the pulse, and further followed by ͑c͒ a slower long-time recovery of the signal. The rapid decrease is caused by the generation of free carriers from the excitation pulse, which increases the infrared absorption coefficient and thus decreases the DLPTS signal in diffuse reflection from the back surface after a round trip across the bulk of the semiconductor. The fast increase is due to the recombination of free carriers and restoration of the near-infrared transparency of the semiconductor, while the slow recovery is a result of thermal emission of carriers from deep energy states in the bandgap. 9 It can be seen that both broadening theories give excellent fits to transients at all temperatures thus further supporting the ergodicity of the thermal emission process from the active trap state͑s͒. There are only small discrepancies at certain temperatures. However, the discrepancies are negligible compared to those observed in the temperature-scanned and pulse-rate-scanned spectra. This fact indicates that the transient DLPTS response has the lowest energy-state resolution and is not sufficient for the study of multiexponential or stretched exponential decays. This conclusion has farreaching consequences, as transients obtained at fixed temperature are the commonest diagnostic modality in conventional electronic deep-level studies of semiconductors ͓for example digital PITS ͑Ref. 3͔͒. To overcome this lack of resolution, some researchers proposed a spectral analysis, which gives the inverse Laplace transform of the transient. 45 Due to the complexity of the transient, this transformation can only be done numerically, and it requires estimated minimum and maximum emission rates for calculation. 46 For the DLPTS transients with the aforementioned three stages, the inverse Laplace transformation requires a very large range of emission rates and computational results are not stable. Although one can remove fast components by successive subtraction of the transient, 47 however, by doing so it is very difficult to keep the slow transient unchanged, especially for multiple-level cases such as encountered in SI-GaAs DLPTS. Due to the ill-posed nature of the inverse Laplace solution, our calculations based on the FTIKREG ͑Ref. 46͒ program indicate that the inverse Laplace solution is not unique and is extremely sensitive to baseline subtraction. Therefore, our combined-modality approach clearly shows that lock-in amplifier emission-level analysis combining thermal and pulse-rate spectra is the optimal defect-level diagnostic method for DLPTS. Although the time-domain transient suffers from the low energetic resolution, it presents the raw signal entering the detector and provides a clear validation of DLPTS signal generation theory. As mentioned earlier ͑Sec. VI A͒, DLTS measurements could be either n͑t͒ sensitive or n T ͑t͒ sensitive and both approaches reveal peaks in the thermal spectra. Since the probe light in DLPTS detects both n͑t͒ and n T ͑t͒, it is difficult to identify the main contributing component merely from the thermal or pulse-rate spectrum. This issue, however, can be easily resolved by examining the magnitude of the slow recovery component in the transient. Due to the more dominant band-to-band recombination, the slow recovery component in n͑t͒ transient is usually very small. As shown in the general solutions, Eqs. ͑17͒ and ͑18͒, the magnitude of the slow recovery component in n͑t͒ is determined by ͚ j=1 m ͓e nj ͑E j ͒ / −1 − e nj ͑E j ͔͒n Tj ͑t p ͒, while in the n T ͑t͒ transient, it is controlled by n Tj ͑t p ͒. Figure 13 shows the n͑t͒ and n T ͑t͒ transients from a single defect level ͑EL3 level͒. The slow recovery in n͑t͒ transient can only be seen after being magnified for 20 000 times. For this reason, transients in Fig. 12 clearly demonstrate that the DLPTS signal mainly originates in the absorption of n T ͑t͒. The transient evaluation of the relative contributions from n͑t͒ and n T ͑t͒ absorption will be ex-tremely important when DLPTS measurements are performed on semiconductors with unknown absorption coefficient at the probing wavelength.
VII. CONCLUSIONS
In comparison with all the DLPTS modalities, the temperature-scanned spectrum is the easiest to interpret theoretically, since the data have already been analyzed by the lock-in amplifier and the amplitude spectrum is shown to be a superposition of various defect levels. This approach is also most widely used with DLTS based measurements, such as PITS. 34 However, in those studies only magnitude spectra are analyzed without regard to pulse repetition rate or phase. Our research shows that the phase spectrum contains additional information not easily garnered in the amplitude spectrum, like the HL3 and EL2 levels in SI-GaAs. The combination of temperature and pulse-rate DLPTS enhances the specificity of the DLPTS technique to trapped carrier energetics and kinetics. Even with excellent theoretical agreement with the amplitude spectrum, the theoretical phase spectrum may still exhibit discrepancies at high frequencies, which indicate additional kinetics may need to be considered. The pulse-ratescanned spectrum yields a single peak in the measured pulserate ͑frequency͒ range. As expected, the pulse-rate scan requires a much broader bandwidth in order to cover all defect states accessible to photothermal temperature scans. Un- like the peaks in the temperature amplitude spectrum, the pulse-rate peak position is found to be sensitive to the optical power of the excitation laser. Combined with the photothermal temperature phase spectrum, DLPTS may provide a unique tool for detailed studies of photocarrier excitation mechanisms as a function of pulse repetition frequency. DLPTS time-domain transients represent the raw signal from the detector and provide a clear illustration of DLPTS kinetics. Although transients suffer from low trap-level resolution, they are can be used to determine the relative contributions of n͑t͒ and n T ͑t͒ absorptions, which are essential for wider applications of DLPTS technique.
With regard to the physical implications of the DLPTS broadening mechanisms, a hierarchical carrier emission theory was developed capable of generating good fits to DLPTS temperature spectra, pulse-rate scans, and photothermal transients. The theory provides a possible explanation for the stretched exponential behavior commonly observed in DLTS measurements and also confirms the existence of electron-to-electron constrained kinetics from trapped states in SI-GaAs. When compared with the more widely used Gaussian distribution theory, the hierarchical theory gives similar broadening on experimental data of all DLPTS modalities. This theory allows a wider application of stretchedexponential characterization in semiconductor systems and also provides an energetic broadening parameter ⌬E as in the Gaussian distribution theory. For equivalent broadening effects, the ratio ␦E / ⌬E = 1.5 for defect states with higher activation energies ͑higher resonance temperatures͒, while it decreases, and is close to 1 for defects with lower activation energies ͑lower resonance temperatures͒. The existence of a relationship between the Gaussian and stretched exponentialinduced trap-state energy broadening mechanisms demonstrates a statistical relation between the emission kinetics of the trapped electron system and their random energetic distribution in the trap microstate manifold, the first reported manifestation of the temperature-dependent ergodic nature of trap ͑defect͒ state kinetics in SI-GaAs. The evidence of a changing ␦E / ⌬E ratio at low temperatures also indicates this statistical relation depends on degrees of disorder in systems. The ergodic nature of the emission process is supported by all three DLPTS modalities.
